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The field effect transistors (FETs) exhibited ultrahigh responsivity (10
7
 A/W) to 
infrared light with great improvement of mobility in graphene / PbS quantum 
dot (QD) hybrid. These reported transistors are either unipolar or depletion 
mode devices. In this paper, we presented and fabricated conveniently-controlled 
grapheme / PbS QD hybrid FETs. Through the investigation on electric and 
optoelectronic properties, the ambipolar FETs (normally OFF) can be switched 
ON by raising gate voltage (VG) up to 3.7 V and -0.8 V in the first and third 
quadrants. Near these thresholds (VT) each carrier species shows comparable 
mobility (~ 300 cm
2
V
-1
s
-1
). Photo-responsivity reach ~ 10
7
 A/W near each 
threshold and it will linearly increases with (VG-VT). These hybrid FETs become 
strongly competitive candidates for devices in flexible integrated circuits with 
low cost, large area, low-energy consumption and high performances.  
 
 
 
Recently, a breakthrough of graphene-quantum dot hybrid field effect transistor (FET) 
in photo-responsivity has attracted much attention [1, 2]. Taking advantages of the 
extreme high mobility of graphene and strong light-absorbing properties of PbS 
quantum dots (QDs), hybrid metal oxide semiconductor field effect transistors 
(MOSFETs) exhibit excellent performance in photo-responsivity and gain [1, 2]. The 
reported responsivities are as high as 10
7
 AW
-1
, while the gain up to 10
8
, which is at 
least seven order of magnitude larger than graphene FETs or QD FETs that had been 
reported before [3-10]. The sensitivity and spectral selectivity can be tuned by altering 
the gate and size of QDs, respectively. However, the operational gate voltage is from 
-40 V to 80 V [1, 2], which is too large for a flexible integrated circuit. Low 
operational voltages are of importance in meeting the requirements of low-energy 
consumption and portable optoelectronic products. Moreover, as building blocks,  
ambipolar FETs show wider applications than monopolar ones, for type of those is 
also switched by gate as required. However, n-type FETs are not easily achieved as 
p-type ones based on solution processed colloidal QDs [11]. On the other hand, 
near-infrared detectors are dominated by III-V semiconductors. Lower temperature 
and higher bias voltage are also required for wider spectral response or higher 
responsivity.  
 
Here, we presented and fabricated FETs based on graphene-PbS QD hybrid, which 
exhibits high performance at zero bias voltage and low gate threshold. By tuning gate, 
FETs can be switched among ON mode, OFF mode and amplification mode. 
Moreover, they work both in the first and the third quadrants where electrons and 
holes exhibit comparable ultra-high mobility on the order of sub 1000 cm
2
V
-1
s
-1
. 
Under zero bias voltage, the photoelectrical responsivity reaches as high as 10
7
 A/W. 
The width of spectral response is more than 1200 nm. Therefore, controllable 
ambipolar FETs with ultra-low threshold and high responsivity are strongly 
competitive candidates to building blocks in flexible integrated circuits with low cost, 
large area, and performance comparable to traditional semiconductor FETs. 
 
As mentioned above, the hybrid FETs based on graphene and PbS QDs have exhibited 
excellent performance in ultra-high photoresponsivity. Due to the extraordinary high 
mobility of graphene layer (up to 60,000 cm
2
/Vs), the hybrid FETs provide a channel 
for carrier transportation; QDs layers also offer sufficient photo-induced carriers to 
graphene. The performance of hybrid FET strongly depends on the cooperation of 
graphene and QDs, especially energy matching of two components. Therefore, to 
achieve low operational voltage, attempts need to be paid on making Fermi level of 
PbS QDs close to 4.6 eV in accordance with Dirac point of graphene. As a result, QDs 
of 5 nm in diameter were obtained by colloidal chemical method; see Supplementary 
Information (SI).  
 
PbS is a semiconductor with narrow bandgap of 0.41 eV (at 300 K) and with electron 
affinity of ~ 4.7 eV when it is a bulk material [12, 13]. As the spacing scale of crystal 
shrinking down to several nanometers, bandgap increases due to quantum 
confinement effect [12]. According to absorption peak (at 1200 nm), the bandgap 
could reach 1.03 eV, and the average diameter could be estimated to be 5 nm with 
consistence of statistical results on transmission electron microscope (TEM) [14]. Due 
to nearly equal effective masses of electrons and holes in PbS, the conduction band 
and the valence band levels of QDs are estimated to be 4.2 eV and 5.2 eV, respectively, 
as shown in Fig. 1 (a). Notably, whether PbS QDs is p-type or n-type semiconductor 
strongly depends on surface ligands [15-17]. Experimentally, we used ethanedithiol 
(EDT) to treat PbS QDs. Therefore, QD film can be regard as an n-type 
semiconductor layer [6, 17]. 
 
The structure of FETs based on graphene and PbS QDs has been plotted in Fig. 1 (b). 
A single layer of graphene sheet was transferred onto an n
+ 
Si / SiO2 substrate. The 
thickness of SiO2 is 300 nm. The source and drain electrodes were deposited on top of 
graphene Al over a shadow mask by thermal evaporation. Then, three layers of PbS 
QDs were deposited by layer-by-layer (LBL) approach from toluene solution via 
spincasting and the details of the approach are described in SI. 
 
Electronic and photoelectronic measurements are performed according to the circuit 
diagram as shown in Fig. 1. Bias VSD is applied over source (with ground) and drain 
electrodes by Keithley 2400, channel current flowing into drain denoted by ID is 
measured by Keithley 2400. Voltage VG is applied on gate by HP6030A with 
reference to ground. 
 
If QDs come in direct contact with graphene layer, build-in electric field will set up at 
the interface. However, the as-prepared QDs are capped with surface ligand, such as 
oleylamine (OLA) experimentally. Hence, carriers who transfer from QDs to 
graphene have to cross the ligand barrier. Recent studies show that the width of 
barrier plays more important role than barrier height [6]. The decrease of carbon chain 
length of ligand can narrow QDs, which increases effective transfer rate of carriers. 
Experimentally, OLA was replaced by EDT. Even if EDT is much shorter than OLA, 
carriers are not free to cross the interface. As an effective method, a series of short 
voltage pulses have been applied over drain to source and gate (see SI). Repeating 
that process for several times, a stable charge channel will set up from source to drain. 
As the same time, charge transformation over the interface between graphene layer 
and PbS QD layer shows that p- or n- type of hybrid mainly depends on the doping 
type of graphene. So that type of FET could be switched by adjusting carrier 
concentration in graphene via gate. 
 
Subsequently, electrical properties are characterized by output and transfer 
characteristics. Fig.2 shows gate dependence of output characteristics in the first (a) 
and the third (b) quadrants. For protection, current ID is limit within ±1 mA. It is a 
normally OFF switch, n- or p- channel depends on gate voltage. When negative 
(positive) gate voltage is applied, electrons (holes) in graphene cross the interface 
barrier and flow over into the QDs, remaining holes (electrons); hence p- (n-) channel 
is built in graphene layer. With the increase of negative (positive) terminal bias, drain 
current ID transfers from linear region to saturation region.  
 
For low value of gate VG and bias voltage VSD, such as zero volts, a small number of 
carriers transfers into QDs while an equivalent number of carriers remains in 
graphene and pin on all channels. With the bias voltage increasing from zero, current 
ID increases linearly due to higher transfer velocity from higher electric field. In this 
region, the mobility keeps as a constant. As the bias voltage reaches to a value VDS, 
the current remains at a constant value in the saturation region due to the pinning-off 
effect, in which the remained carriers occupied a part of channel. Both holes and 
electrons exhibit such typical FET characteristics, so the same mechanism plays a role. 
With the increase of VG, the increasing number of carriers reduces higher value of VSD 
and saturated current. 
 
Fig.2 shows bias dependence of transfer characteristics in the first (c) and the third (d) 
quadrants. When VSD << VG, transfer characteristics are in linear region with the 
constant mobility. The expression of mobility is given by [18, 19]  
( )
D
ox G T SD
IL
WC V V V
  

 (1) 
Where W and L is width and length of the channel, respectively. Cox is capacitance of 
gate dielectric per unit area, and second term of the right is the inverse of the sloop of 
low VSD characteristics. Then mobility of electrons and holes are calculated out to be 
295 and 333 cm
2
V
-1
s
-1
, see SI. 
 
With the increase of VSD, an extreme value of ID emerges at a point in the first and the 
third quadrants, which are the critical point of species of carriers, termed to VGC. 
 
Then in the same condition we measured output and transfer characteristics under 
laser irradiation of 7.5 mW/cm
2
 with wavelength of 808 nm as shown in Fig. 3. The 
profiles of characteristics show similar to those under dark. Data with and without 
laser irradiation are plotted in Fig. 4 (a) under the same bias VSD = ±5V for the 
comparison with each other. It is clear to see that when exposed to laser, the transfer 
characteristics hop along the direction of gate increase.   
 
Excitons (electron-hole pairs) generate due to the absorption of the incident light by 
QDs. Additional electrons (or holes) separated by gate go across the interface increase 
channel current ID. Compared with the case without light excitation, the role of photo 
generated carriers can be regarded as an additional induced gate voltage which could 
be called “light-gate effect”. Due to that effect, horizontal shifts ΔVG can be used for 
FET to calibrate optical power received (P) response, as [1] 
GV P
   (2) 
Where α and β are constants. P can be directly determined according to equation (2), 
extraction of ΔVG is still not easy. The functional relationship between ΔVG and VSD 
could be obtained by equation light dark
G GC GCV V V   . It is worth noting that in Fig. 4 (b) 
ΔVG remain undetermined in low bias region, due to absence of VGC in the first and 
third quadrants. Two distinct sharp decreases of ΔVG are shown in those of two 
quadrants when VSD = 4 V and VSD = -1 V.  
 
To get more information of response in small VSD region, responsivity R versus VG is 
also collected and calculated by [20]  
ill Dark D
I I I
R
P P
 
   (3) 
Where Iill and IDark are channel current under light illumination and in dark, 
respectively. For example, we select two pairs of curves (in small value VSD = -1.5 V, 
0.06 V; and large value VSD = ±5 V) to take compare. The results are plotted in Fig. 4 
(c). Obviously, when VSD = ±5 V, two distinct sharp decreases of R present at I and III 
quadrants intersecting with horizontal axis at VG = -1V, -0.2 V, 2.7 V and 3.9 V, where 
light responsivity equals to zero. Two extreme points emerge at -0.5 V and 3.4 V, 
respectively. That curve trends consist with the functional relationship between ΔVG 
and VSD, indicating R is not a monotone function of VG in large value of VSD region. 
Thus, operating mode of FET must be carefully selected for optical power detection.   
 
The physical mechanism for the phenomenon above lies in the principles of FET. 
Increments of channel current ΔID, resulting from the light illumination, could be 
expressed as a function of the gate shift ΔVG derivated from equation (1) : 
D ox SD G
W
I C V V
L
    (4) 
For one device, oxWC L  is constant, and ΔID presents directly proportion to 
VSDΔVG.  
Substituting equation (4) into (3), and we get the expression 
ox
SD G
CW
R V V
L P

   (5) 
When P is constant, R presents directly proportion to VSDΔVG. Hence, Fig. 3 (b) and 
(c) shows consistent tendency, where an extreme point domains. Here, VSD can be 
regarded as an amplification factor to ΔVG, and photo-induced channel current can be 
enhanced as the price of additional complexity. Moreover, under that mode FET 
cannot be OFF. When small value of VSD is applied, the switch character is cleanly 
exhibited. Responsivity can be turn OFF, turn ON, and amplified by VG, threshold 
gates are -0.5 V and 3.7 V in the third and first quadrant, respectively. Synthesizing 
each mode of operation, the best choice is low VSD then operating modes are 
completely controlled by gate.   
 
For a better understanding on relation of sense mechanism and operating mode of 
FET, we characterized responsivity under light irradiation of difference optical power, 
when FET operates at zero bias voltage and -1 V gate, as shown in Fig. 5. 
Responsivity as a function of received optical power P can be obtained by substituting 
equation (2) into (5) [8, 20], 
1ox DSWC VR P
LA


    (6) 
In a double-logarithmic axis plot, a good fitting results is achieved, using equation (6). 
When operates near the threshold, lgR keeps a good linear relation with (β-1)lgP. 
Moreover, it is sensitive to low optical power in orders of nW. To compare with other 
work, we also plotted results of R vs P reported by Sun et al[20]. Under same received 
optical power, R of this work improve almost one order of magnitude than they 
reported, even operated near threshold. In amplifier region (VG over threshold a lot) 
responsivity will be further improved.  
 
Next, the transient behavior of the FET was characterized by an optical switch 
characterization. Variable of channel current ΔID dependence on light were plotted in 
Fig. 5 (b). FET works over the threshold, and remarkable changes on channel current 
reaches 22 μA, under illumination 7.5 mW/cm2. The relaxation can be fitted by 
empirical expression  
   1 1 2 2
3 3 4 4
1 exp( / ) 1 exp( / ) On
exp( / ) exp( / )    Off
SD
I t I t
I
I t I t
 
 
      
  
    
  (7) 
Where τ1 and τ2 are characteristic parameters in response time for laser on, τ3 and τ4 
are parameters for laser off. Using equation (7), a good fitting consistence are 
obtained, τ1 = 0.7 s and τ2 = 4.5 s. Under condition of VSD = 0 V, VG = -1 V, τ1 
represents hole transfer time from QDs to graphene while τ2 represents electron 
transfer time from source to drain by QDs array. There are two pathways for photo 
generated carriers, electrons driven to graphene, meanwhile holes forced away from 
interface. Then they simultaneous drift to drain on respective way, both of which 
contribute to channel current. Steady state is reached when no more current changes. 
Then light switched off, concentration of carriers decreases immediately, leading to 
current drop. ΔID can also fitting by exponential equation(7), τ3 = 1.8 s and τ2 = 7.9 s. 
They are as twice as τ1 and τ2, indicating less efficient of light off response than light 
on. Here, we suppose the rise time τ1 and decay time τ3 are holes and electrons 
transfer time from PbS QDs to graphene, respectively. While rise time τ2 and decay 
time τ4 are electrons and holes transport in PbS QDs.   
 
Fig. 5 (b) shows a light on-off response of channel current. The response of the 
phototransistor is similar even after device was switched for more than an one 
hundred times (see SI). The response of the phototransistor is much faster than the 
photoconductors based on graphene oxide reported before. Since the response time is 
related to transfer rate of electrons and holes from PbS QDs to graphene, the nature of 
ligand, capping QDs are essential to performance of the FET. 
  
At last, optical spectrum response of the FET at VSD = 0 V, VG = -1 V, is measured and 
compared with optical absorbance of PbS toluene solution, as shown in Fig. 6. In 
solution, the absorption peaks of PbS QDs locate at mainly 1170 nm, and 1380 nm 
(side peak). The absorption edge is attributed to 1400 nm, which corresponds to 
response spectral edge. For photons with higher energy than that, the FET shows a 
wide response spectral range. The reason lies in that PbS QDs are multiple exciton 
generators, which means when PbS QD absorbs one photons with higher energy it 
will generates two or more excitons [21, 22]. Therefore, the FET shows a wide 
spectral range of response. During the test, no more amplification is used and the 
change of output current is in orders of milliamp or sub-milliamp.  
 
In summary, by a facile solution process method, controllable ambipolar FET infrared 
detectors were fabricated. Bipolarity was realized by preparation of PbS QDs with 
energy structure matching with that of graphene. And good electric and photoelectric 
performances of hybrid FET are exhibited. Light responsivity can be switched by gate 
among OFF, ON, and amplifier modes. Moreover, type of FET is in selection by 
positive or negative of gate. In first and the third quadrants, ultra-low threshold 
voltages are shown at 3.7 V and -0.8 V, respectively. Responsivity decreases with 
irradiation increasing. At low irradiation, it reaches to 2*10
5
 A/W when VSD = 0 V, VG 
= -1 V. Wide spectral response range is also observed, due to avalanche effect of PbS 
QDs.  
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 Fig. 1 (a) A schematic diagram for charge generation at interfaces of PbS QDs and 
graphene heterojunction under light illumination, and positive gate. Incident photons 
create electron-hole pairs in PbS QDs. Electrons (or holes) under positive (or negative) 
bias are then transferred to the graphene channel and drift towards the drain whereas 
holes (or electrons) remain in the PbS QDs. (b) A schematic diagram of the 
graphene-QD hybrid phototransistor: a graphene flake is deposited onto an n
+ 
Si / 
SiO2 structure overcoated by PbS QD array. Bias (VSD) is controlled by Keithley 2400 
which also detects the channel current ID, gate voltage is applied by HP 6030A 
referring to the ground.   
 
 
Fig. 2 Output characteristics of hybrid FET in the third (a) and first (b) quadrants at 
dark. Transfer characteristics of hybrid FET in the third (c) and first (d) quadrants at 
dark at VSD interval of 0.1 V.  
 
Fig. 3 Output characteristics of hybrid FET in the third (a) and first (b) quadrants 
under laser irradiation of 7.5 mW/cm
2
 with wavelength of 808 nm. Transfer 
characteristics of hybrid FET in the third (c) and first (d) quadrants at dark at VSD 
interval of 0.1 V under laser irradiation of 7.5 mW/cm
2
 with wavelength of 808 nm.  
 
Fig. 4 (a) comparison output characteristics of hybrid FET with and without 
illumination in the third and first quadrants. (b) light response shift ∆VG versus VSD 
under irradiation of 7.5 mW/cm
2
 in the third and first quadrants. (c) responsivity 
versus VG under irradiation of 7.5 mW/cm
2
 at difference of VSD of -1.5 V, 0.06 V, -5 V, 
and 5 V. 
 
Fig. 5 (a) Responsivity of hybrid FET versus received light power, under operating 
parameters of VSD = 0 V, and VG = -1 V (red solid points), fitting line using equation 
(6) with β = 0.0043 (red dashed line); comparison responsivity reported by Sun et al. 
[1] (black stars). (b) current response of hybrid FET to ON/OFF illumination of 7.5 
mW/ cm
2
 at wavelength of 808 nm, when operates at VSD = 0 V, VG = -1 V. Fitting 
line using equation (7), with parameters of τ1 = 0.7 s, τ2 = 4.5 s, τ3 = 1.8 s, τ4 = 7.9 s. 
(c) response of channel current to a repeatable laser light on and off.  
 
Fig. 6 Responsive current spectrum of hybrid FET under VSD = 0 V, VG = -1 V (left), 
incident monochromatic light is from tungsten lamp (24 V, 150 mW). Absorbance 
spectrum of PbS QDs in toluene (right).  
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